
PREPARATI ON AND STUDY OF SYNTHETl C PROTEIN-kl KE MATER lAbS 
FOR HIGH PERFORMANCE ADHES IVE SYSTEMS 

FINAL REPORT 

Prepared by 

Avco Systems Division 
Lowell Industrial Park 

Lowell, Massachusetts 01851 

Contract NAS 8.24074 
Control Number DCN 1-0-54-20029 (IF) 

1 June 1970 

Prepared for 

NATIBNAE AERONAUTICS AESB SPACE 6iY)bliINISTUTIOM 
GEORGE C .  W S U L L  SPACE FLIGHT CENTER 

b%uwtsvfl%e, klabama 35812 



This document consists of 4 4  pages, 
39 copies, Series A 

PREPARATION AND STUDY OF SYNTI4ETI C PROTEIN-LI KE MATER l A l S  
FOR H I GH PERFORMANCE AQHES e VE 

FINAL REPORT 

W. S. Port 
B. W. Burrell 

Prepared by 

Avco Systems Division 
Lowell Industrial Park 

Lowell, Massachusetts 01851 

Contract NAS 8-24074 
Control Number DCN 1-0-54-20029 (IF) 

1 June 1970 

Prepared for 

NATIONAL AERONAUTICS AM) SPACE ADMINISTRATION 
GEORGE C. MARSHALL SPACE FLIGHT CENTER 

Huntsville, Alabama 35812 



ABSTRACT 

A program was under taken  t o  determine whether  improved a d h e s i v e  systems f o r  
aluminum 2014-T6 cou ld  be  achieved by t h e  u s e  of p r imer  c o a t i n g s  fo rmula ted  from 
poly-L-Serine and poly-L-Tyrosine which have pendent p o l a r  groups (methyl01 and 
hydroxyphenyl,  r e s p e c t i v e l y )  capab le  o f  quasi -chemical  a t t achment  t o  t h e  s u b s t r a t e  
t o  b e  bonded and o f  chemical  r e a c t i o n  w i t h  t h e  r e s i n  used a s  t h e  adhes ive .  

S p e c i f i c a l l y ,  t h e  program comprised t h e  f o l l o w i n g :  

a .  t r e a t m e n t  and c h a r a c t e r i z a t i o n  of  t h e  s u r f a c e  of aluminum a l l o y  2014-T6. 

b .  e v a l u a t i o n  of two methods f o r  d e p o s i t i n g  t h e  polymers on t h e  s u b s t r a t e  
s u r f a c e s :  d e p o s i t i o n  from s o l u t i o n  and i n  s i t u  po lymer iza t ion .  

c .  p r o d u c t i o n  of p r imer  c o a t i n g s  by r e s p e c t i v e  d e p o s i t i o n s  from aqueous 
s o l u t i o n  of poly-L-Serine and from dimethylformamide s o l u t i o n  of poly-L-Tyrosine. 

d .  l a p  s h e a r  t e s t i n g  of  primed coupons bonded w i t h  a n  amine cured epoxy 
r e s i n  (Epon 8 2 8 ) ,  and an anhydr ide  cured  epoxy r e s i n  ( E p o x y l i t e  5403) ,  
r e s p e c t i v e l y .  

Three d i f f e r e n t  p r imer  t h i c k n e s s e s  were e v a l u a t e d  by l a p  s h e a r  test f o r  each 
polyamino a c i d  w i t h  each epoxy a d h e s i v e .  I n  E p o x y l i t e  5403 bonded sys tems ,  b o t h  
p r imers  dec reased  t h e  l a p  s h e a r  s t r e n g t h  by about  1000 p s i .  I n  t h e  Epon 828 
sys tems ,  poly-L-Serine brought  abou t  l i t t l e  o r  no improvement, bu t  poly-L-Tyrosine 
( i n  t h i c k n e s s e s  up t o  about  one m i l )  i n c r e a s e d  t h e  l a p  s h e a r  s t r e n g t h .  
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1.0 INTRODUCTION AND SUMMARY 

In the development of launch and space vehicles, new polymeric materials are needed 
as adhesive primers which maintain useful properties within the range 1000 to 
3000 C. 

Polymers which appear particularly promising are polypeptides having pendent 
polar groups which are capable both of quasi-chemical attachment to the substrate 
to be bonded and of chemical reaction with the resin system used as the adhesive. 
Synthetic poly-(amino acids) derived from L-Serine and L-Tyrosine, which have 
pendent methyl01 and hydroxyphenyl groups respectively, offer the possibility of 
hydrogen bonding to metal oxide surfaces (as, for example, to aluminum oxide) and 
of reacting with, for example, epoxy resin adhesive systems. 

Accordingly, the primary objective of this program was to evaluate poly-L-Serine 
and poly-L-Tyrosine as primer coatings for aluminum alloy 2014-T6 bonded respec- 
tively with Epon 828, a bisphenol-A resin cured with diethylenetriamine and 
Epoxylite 5403, a modified, filled bisphenol-A resin cured with pyromellitic 
dianhydride. 

The program consisted of three major tasks: 

a. aluminum surface preparation and characterization, 

b. primer coat formulation, deposition and characterization, and 

c. adhesive application and lap shear testing. 

Task 1 comprised treating aluminum alloy coupons to produce two types of surfaces. 
In one type, chromic acid etching of the surface was followed by rinsing with a 
multivalent ion (i.e., sodium dichromate) (Refs. 1 and 2), solution to produce 
strongly adhering, but amorphous, non-hydrated aluminum oxide surface. In the 
other type, chromic acid treatment was followed by rinsing with deionized water 
at 60° C to produce a highly crystalline, but cohesively weak, tri-hydrated 
aluminum oxide surface, gibbsite (A1203 . 3H20). The coatings formed under 
each rinse condition were characterized by electron microscopy techniques. 

Task 2 comprised; a) evaluating two procedures for primer coat deposition, 
deposition from solution and in situ polymerization, b) developing film applica- 
tion techniques, and c) characterizing the films applied to freshly etched aluminum 
coupons. Deposition from solution for primer coat application was the method 
chosen after investigation showed that a linear, hydroxyl containing polymer 
could not be produced in situ on the aluminum oxide surface. Evaporation of 
aqueous solutions of poly-L-Serine or of dimethylformamide solutions of poly-L- 
Tyrosine were techniques which gave surfaces of controlled primer thicknesses. 
Characterization of the surfaces was achieved by infrared spectrophotometric 
analysis, x-ray diffraction, electron microscopy techniques, and metallographic 
examination. Metallographic examination was used to determine film thicknesses. 
Infrared analysis, x-ray diffraction, and electron microscopy were carried out to 
investigate the extent of bonding between polymer and aluminum. Infrared analysis 
indicated some bonding occurring between poly-L-Tyrosine and the aluminum oxide 
substrate. X-ray diffraction and electron microscopy could not detect this however, 



An additional task consisted of investigating the thermal stability of poly-L- 
Serine and poly-L-Tyrosine by thermogravimetric analysis (TGA) and differential 
scan calorimetry (DSC) . 
Task 3 comprised the evaluation by lap shear tests of poly-L-Serine and poly- 
L-Tyrosine, respectively, as primer coatings for Epon 828 and Epoxylite 5403 
adhesives. 



2 .0  RESULTS AND DISCUSSION 

2 .1  TASK 1 - ALUMINUM SURFACE PREPARATION AND CHARACTERIZATION 

2.1.1  Aluminum Surf ace  P r e p a r a t i o n  

To o b t a i n  a  s t r o n g l y  adher ing ,  amorphous, non-hydrated aluminum o x i d e  s u r f a c e  
f o r  optimum bonding, aluminum coupons were e tched accord ing  t o  m i l i t a r y  s p e c i f i -  
c a t i o n  MIL-A-9067C and r i n s e d  by ~ e g m a n ' s  "mul t iva len t  ion"  p rocedure  (Refs .  1 
and 2 ) .  Th is  procedure c o n s i s t e d  of d ipp ing  t h e  specimens f i v e  t imes i n  room 
tempera ture  de ion ized  wate r  c o n t a i n i n g  150 p a r t s  p e r  m i l l i o n  of chromic ox ide ,  
a s  sodium dichromate ,  fol lowed by d i p p i n g  f i v e  t imes i n  room tempera ture  de ion ized  
wate r .  Wegman h a s  found t h a t  m u l t i v a l e n t  compounds, i n c l u d i n g  sodium dichromate ,  
added t o  de ion ized  r i n s e  wate r  p r e v e n t  h y d r a t e  format ion a p p a r e n t l y  by being 
p r e f e r e n t i a l l y  absorbed i n t o  t h e  s u r f a c e  t o  b lock  t h e  e n t r a n c e  of w a t e r .  Hydrate  
fo rmat ion  i s  u n d e s i r a b l e  because a  hydra ted  aluminum oxide  c o a t i n g  is  cohes ive ly  
weak and causes  bond f a i l u r e s  a t  r e l a t i v e l y  low s t r e n g t h s .  

To compare t h e  s u r f a c e  produced by t h e  "mul t iva len t  ion" r i n s e  w i t h  t h a t  of a  
hydra ted  s u r f a c e ,  a  few specimens were r i n s e d  f o r  10 minutes  i n  600 C de ion ized  
water .  T h i s  p rocedure  produced a  t r i - h y d r a t e d ,  h i g h l y  c r y s t a l l i n e  aluminum 
oxide ,  g i b b s i t e  (A1203 . 3H20). 

2.1.2 Aluminum Sur face  C h a r a c t e r i z a t i o n  

The t r e a t e d  coupons were examined by e l e c t r o n  microscopy. The r e s u l t s  a r e  shown 
i n  F i g u r e s  1, 2 ,  3  and 4 .  F i g u r e  1 i s  an e l e c t r o n  micrograph of t h e  anhydrous 
aluminum s u r f a c e  p repared  by t h e  " m u l t i v a l e n t  ion" r i n s e .  F i g u r e  2  shows t h e  
g i b b s i t e  s u r f a c e .  F i g u r e  3  p r e s e n t s  a  r e f l e c t i o n  e l e c t r o n  p a t t e r n  f o r  an un-etched 
aluminum s u r f a c e  and F i g u r e  4 shows t h e  d i f f r a c t i o n  p a t t e r n  ob ta ined  f o r  t h e  gibb- 
s i t e  s u r f a c e .  No p a t t e r n  could b e  ob ta ined  f o r  t h e  amorphous s u r f a c e .  A com- 
p a r i s o n  of t h e  amorphous and hydra ted  s u r f a c e s  (F igures  1 and 2) shows t h a t  t h e  
amorphous s u r f a c e  does  n o t  have t h e  c e l l  base  s t r u c t u r e  of t h e  g i b b s i t e .  T h i s  i s  
c o n s i s t e n t  w i t h  t h e  l a c k  of s e a l i n g  of t h e  aluminum s u r f a c e  by bui ld-up of a  
hydra ted  aluminum oxide  a s  noted by Wegman. 

2.2 TASK 2 - PRIMER COAT FORMULATION, DEPOSITION AND CHARACTERIZATION 

4 2.2.1  Pr imer  Coat Formulat ion and Depos i t ion  S t u d i e s  
I -  -' 

Polymer d e p o s i t i o n  from s o l u t i o n  was t h e  method s e l e c t e d  t o  c a s t  poly (amino a c i d )  
f i l m s  on t h e  aluminum oxide  s u r f a c e s .  The poly (amino a c i d s )  s e l e c t e d  were 
r e q u i r e d  t o  have t h e  c a p a b i l i t y  of bo th  bonding t o  t h e  alumina s u r f a c e  by quas i -  
chemical means and t o  an epoxy adhes ive  by a  chemical mode. Poly (amino a c i d s )  
c o n t a i n i n g  pendent hydroxyl  g roups ,  i n  p a r t i c u l a r  poly-L-Serine and poly-L-Tyrosine, 
were s e l e c t e d  a s  meeting t h i s  requ i rement .  

The d e p o s i t i o n  method c o n s i s t e d  of d i s s o l v i n g  t h e  polymer and evapora t ing  t h e  
s o l u t i o n  on to  a  f r e s h l y  p repared  aluminum a l l o y  coupon. I t  was one of two 
methods s e l e c t e d  f o r  e v a l u a t i o n .  The o t i e r  method, a  s y n t h e t i c  r o u t e  t o  e f f e c t  
?o lymer iza t ion  of N-Carboxyanhydrides t o  produce t h e  poly (amino a c i d s )  i n  s i t u  



Figure 1 ELECTRON MICROGRAPH OF AMORPHOUS, NON-HYDRATED ALUMINUM 
SURFACE PREPARED BY CHROMIC ACID ETCH FOLLOWED BY 

"MULTIVALENT ION" RINSE 



Figure 2 ELECTRON MICROGRAPHS OF THE OXIDE SURFACE (GIBBSITE) FORMED 
BY CHROMIC ACID ETCH FOLLOWED B Y  1 0  MINUTE RINSE IN 60" C 

DEIONIZED WATER 



Figure 3 REFLECTION ELECTRON DIFFRACTION PATTERN OF UN-ETCHED 
ALUMINUM SURFACE 

Figure 4 REFLECTION ELECTRON DIFFRACTION PATTERN OF ALUMINUM SURFACE 
(GIBBSITE) FORMED BY CHROMIC ACID ETCH FOLLOWED BY 1 0  MINUTE 

RINSE IN 6 0 "  C DEIONIZED WATER 



on t h e  m e t a l  o x i d e  s u r f a c e ,  was abandoned when i t  was found t h a t  a l i n e a r  polymer 
cannot  be p repared  by po lymer iz ing  L-Serine-N-Carboxy-anhydride.*) Presumably a l l  
o t h e r  hydroxy b e a r i n g  N-carboxyanhydrides would a l s o  c r o s s - l i n k  d u r i n g  
p o l y m e r i z a t i o n .  

D e p o s i t i o n  from s o l u t i o n  was c a r r i e d  o u t  u s i n g  poly-L-Serine and poly-L-Tyrosine 
purchased from P i l o t  Chemicals,  Waltham, Massachuset ts .  Both polymers a r e  l i n e a r ,  
hydroxyl  c o n t a i n i n g  compounds. The poly-L-Serine used had a molecu la r  weight  of 
abou t  8000 which corresponded t o  a d e g r e e  of po lymer iza t ion  (DP) of about  92 .  
The molecu la r  weight  of t h e  poly-L-Tyrosine used was about  100,000 which was 
z q u i v a l e n t  t o  a DP of approximately  670. The formulas  of t h e s e  m a t e r i a l s  a r e :  

A.  POLY-L-SERINE 

-NH-CH-C- 

Poly-L-Serine i s  s o l u b l e  i n  wa te r .  Poly-L-Tyrosine i s  i n s o l u b l e  i n  w a t e r ,  
a l c o h o l ,  and p y r i d i n e ,  b u t  was found t o  be  s o l u b l e  i n  dimethyl-formamide. (See 
'4ppendix B f o r  d e t a i l s  of t h e  i n v e s t i g a t i o n  i n t o  t h e  s o l u b i l i t y  of poly-L-Tyrosine.)  

To o b t a i n  uniform d e p o s i t i o n  of t h e s e  polymers on p repared  aluminum s u r f a c e s  
r e q u i r e d  some i n v e s t i g a t i o n  i n t o  f i l m  forming t echn iques .  The method found most 
s a t i s f a c t o r y  f o r  producing f i l m s  comprised e v a p o r a t i n g  a known volume of s o l u t i o n  
of known c o n c e n t r a t i o n  from t h e  aluminum s u r f a c e  by means of i n f r a r e d  h e a t i n g  
lamps. (Water was used a s  t h e  s o l v e n t  f o r  poly-L-Serine and dimethylformamide f o r  
poly-L-Tyrosine.)  The s o l u t i o n  was added dropwise on to  t h e  aluminum coupon and 
was sp read  and smoothed c a r e f u l l y  t o  t h e  edges  w i t h  a rubber  policeman a s  evapora- 
t i o n  of t h e  s o l v e n t  proceeded.  T h i s  was necessa ry  because i t  was found t h a t  t h e  
s o l u t i o n  had a tendency t o  r e t r e a t  from t h e  edges a s  t h e  s o l v e n t  was vapor ized .  
To c o n f i n e  t h e  s o l u t i o n  t o  t h e  d e s i r e d  a r e a  of t h e  coupon (one-half  s q u a r e  i n c h  
f o r  l a p  s h e a r  t e s t  spec imens) ,  a b a r r i e r  was c o n s t r u c t e d  w i t h  a s t r i p  of p r e s s u r e -  
s e n s i t i v e  c e l l o p h a n e  t a p e  o r  of aluminum f o i l  h e l d  i n  p l a c e  by t h e  t a p e .  

A m u l t i p l e  d i p p i n g  method was a l s o  t r i e d  u n s u c c e s s f u l l y  d u r i n g  t h e  f i r s t  p a r t  of 
the  program b u t  t h e  procedure  was d i s c a r d e d  when i t  was found t h a t  each d i p p i n g  
caused r e - s o l u t i o n  of t h e  polymer f i l m  p r e v i o u s l y  d e p o s i t e d .  

2 . 2 . 2  C h a r a c t e r i z a t i o n  of Primer Coat Fi lms 

2 . 2 . 2 . 1  M e t a l l o g r a p h i c  Examination 

To e v a l u a t e  t h e  u n i f o r m i t y  and t h i c k n e s s  of t h e  f i l m s  d e p o s i t e d  on t h e  aluminum 
coupons,  m e t a l l o g r a p h i c  examinat ion was employed. The coupons were c ross -  

* D e t a i l s  of t h e  a t t e m p t e d  s y n t h e s i s  a r e  p r e s e n t e d  i n  A p p e n d l x  A 

-7 -  



s e c t i o n e d ,  mounted i n  an epoxy r e s i n  m a t r i x ,  p o l i s h e d  and viewed w i t h  a micro- 
scope.  F i g u r e  5 i s  a photograph of a 1 . 0  m i l  poly-L-Tyrosine f i l m  produced on 
a n  aluminum coupon by t h e  t echn ique  d e s c r i b e d  i n  pa ragraph  2 .2 .1 .  F i g u r e  5 
shows t h e  f i l m ,  aluminum s u b s t r a t e ,  and epoxy mounting m a t r i x  magnif ied 500 
t imes .  I n  t h e  pho tograph ,  t h e  aluminum s u b s t r a t e  is  a t  t h e  bottom and l a b e l e d  
11 I1 c  . The f i l m ,  sandwiched between t h e  upper  epoxy m a t r i x  ( l a b e l e d  "a") and 
t h e  aluminum, is l a b e l e d  "b". It can be  s e e n  t h a t  t h e  poly-L-Tyrosine adheres  
c l o s e l y  t o  t h e  somewhat i r r e g u l a r  s u r f a c e  of  t h e  aluminum, t h e r e  b e i n g  no 
obvious  v o i d s  a l o n g  t h e  bond l i n e .  A d d i t i o n a l l y ,  t h e r e  i s  apparen t  bonding 
between t h e  f i l m  and epoxy r e s i n  m a t r i x  which i s  a b i s p h e n o l  A-amine cured 
r e s i n  s i m i l a r  t o  t h e  bonding a g e n t s  used f o r  l a p  s h e a r  t e s t i n g  i n  t h i s  program. 
(The r e s u l t s  of l a p  s h e a r  t e s t s ,  d i s c u s s e d  i n  S e c t i o n  2 .3 ,  conf i rm t h a t  some 
bonding o r  o t h e r  i n t e r a c t i o n  between poly-L-Tyrosine and t h e  Epon 828 epoxy 
r e s i n  h a s  o c c u r r e d . )  

It was found t h a t  f i l m s  of poly-L-Serine cou ld  n o t  be  examined r e a d i l y  by 
m e t a l l o g r a p h i c  t e c h n i q u e s ,  because d u r i n g  t h e  mounting and p o l i s h i n g  p r o c e s s  
t h e  f i l m  was damaged. Although e f f o r t s  were made t o  avoid c o n t a c t  of  t h e  
f i l m s  w i t h  e x c e s s i v e  amounts of m o i s t u r e ,  i t  i s  b e l i e v e d  t h a t  t h e  p resence  
of even s m a l l  amounts of m o i s t u r e  i n  t h e  p o l i s h i n g  and mounting chemicals  
used caused f i l m  damage. 

2 .2 .2 .2  I n f  r a r e d  A n a l y s i s  

Fi lms o f  poly-L-Serine and poly-L-Tyrosine d e p o s i t e d  on e tched  aluminum coupons 
were ana lyzed  by i n f r a r e d  (IR) spec t roscopy  t o  de te rmine  whether s t r u c t u r a l  
changes had occur red  from bonding of t h e  polymer w i t h  t h e  aluminum s u b s t r a t e .  
I n f r a r e d  s p e c t r a  were o b t a i n e d  through t h e  s p e c t r a l  r e g i o n  4000 t o  613 cm-1 
(2 .5  t o  16 .3p) .  The IR spectrum of a f i l m  of poly-L-Tyrosine on aluminum 
is  shown a s  curve  "a" i n  F i g u r e  6 .  For  comparison, a r e f e r e n c e  spectrum of  
a f i l m  c a s t  on a po tass ium bromide window i s  shown a s  curve  "b" i n  F i g u r e  6 .  

The two s p e c t r a  d i f f e r  i n  t h a t  t h r e e  bands,  p r e s e n t  i n  t h e  r e f e r e n c e  
spectrum (curve  "b") a t  1380, 720 and 650 cm-l, a r e  miss ing  i n  t h e  spectrum 
o f  t h e  f i l m  d e p o s i t e d  on aluminum a l l o y  2014-T6 (curve  "a") .  It i s  con- 
j e c t u r e d  on t h e  b a s i s  of t h e  fo l lowing  c o n s i d e r a t i o n s  t h a t  t h e  absence of 
t h e s e  bands i n d i c a t e s  t h a t  p a r t  of t h e  poly-L-Tyrosine molecule i s  chemi- 
sorbed on t h e  aluminum ox ide  s u r f a c e  through hydrogen bonding,  t h e  hydrogens 
be ing  c o n t r i b u t e d  by bo th  hydroxyphenyl and amide n i t r o g e n  groups.  The band 
a t  1380 cm-1 i n  t h e  r e f e r e n c e  spectrum,  curve  "b", i s  a s s o c i a t e d  w i t h  oxygen- 
hydrogen deformat ion  of t h e  hydroxyphenyl s t r u c t u r e .  The d i sappearance  of 
t h i s  a b s o r p t i o n  i n  t h e  s p e c t r a  of  t h e  f i l m  on t h e  aluminum specimen s u g g e s t s  
t h a t  such deformat ion  can no l o n g e r  occur  because t h e  hydrogen i s  bonded t o  
t h e  aluminum o x i d e  s u r f a c e .  The bands a t  720 cm-I and 650 cm-I i n  t h e  
r e f e r e n c e  spectrum a r e  r e l a t e d  t o  t h e  secondary amide s t r u c t u r e ,  and a r e  
termed Amide V and Amide I V ,  r e s p e c t i v e l y .  The Amide V band r e s u l t s  from 
ni t rogen-hydrogen deformat ion  v i b r a t i o n s  i n  hydrogen bonded secondary amides.  
The Amide I V  band o r i g i n a t e s  i n  s t r u c t u r a l  s k e l e t a l  mode v i b r a t i o n s .  The 
absence of t h e s e  a b s o r p t i o n s  i n  t h e  spectrum of t h e  aluminum d e p o s i t e d  f i l m  
s u g g e s t s  t h a t  hydrogen bonding a l s o  i s  t a k i n g  p l a c e  between amide hydrogens 
and t h e  ox ide  s u r f a c e  c o a t i n g .  



Figure 5 1 . 0  MIL POLY-L-TYROSINE FILM ON ALUMINUM 
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Figure 6 INFRARED SPECTRUM OF POLY-L-TYROSINE FILM ON a) ETCHED 2014-T6 
ALUMINUM ALLOY) b) SILVER CHLORIDE WINDOW 



The IR spectrum of a poly-L-Serine film on aluminum is shown as curve "a" 
in Figure 7. A reference spectrum of a film cast on a silver chloride window 
is presented as curve "b". In contrast to results for poly-L-Tyrosine, a 
comparison of the spectra of poly-L-Serine films presented in Figure 7 shows 
no structural changes which can be related to hydrogen bonding of the polymer 
to the oxide surface. 

2.2.2.3 X-ray Diffraction 

X-ray diffraction analysis was attempted on the poly-L-Serine and poly-L- 
Tyrosine films to ascertain whether evidence for bonding between the polymers 
and the aluminum substrate could be discerned through changes in diffraction 
patterns. The uncoated portions of the coupons were analyzed as controls. 
No appreciable changes in diffraction patterns could be observed between coated 
and uncoated aluminum specimens for either polymer. The lack of appreciable 
differences indicates that the polymer coatings are thin and amorphous. 

2.2.2.4 Electron Microscopy and Electron Diffraction 

The films were examined both by electron microscopy and electron diffraction. 
Although electron diffraction confirmed the x-ray diffraction finding and 
showed that the poly-L-Serine film was largely amorphous, evidence was found 
for a number of single crystals of the polymer coating. Figure 8 is a photo- 
micrograph of a single crystal of poly-L-Serine on the surface of the aluminum. 
Figure 9 is the electron diffraction pattern obtained for this crystal. . 
Apparently, the poly-L-Serine coating consists largely of amorphous polymer 
in which some crystals are scattered. The film of poly-L-Tyrosine is non- 
crystalline, and displays a different microstructure than does poly-L-Serine. 
Figure 10 is a photomicrograph of the poly-L-Tyrosine film; its microstructure 
appears to comprise a series of ridges. Figure 11 is a photomicrograph of 
the poly-L-Serine film; its microstructure appears to comprise numerous 
spherical particles or globules. The different microstructure of the two 
polymers may be related to molecular structure. Amorphous polymers are 
composed either of chains coiled into globules or of packets of uncoiled or 
extended chains (Ref. 3). In this case, it appears that the poly-L-Serine, 
which has only a pendant hydroxy group and exists in a random configuration 
in the solid state (Ref. 4), has coiled into globules. Conversely, the poly- 
L-Tyrosine has a comparatively large, pendant hydroxyphenyl group which 
prevents the polymer from coiling into globules and forces it to form packets 
of extended chains. 

2.2.2.5 Ancillary Characterization of Primer Coat Polymers 

As part of the characterization of poly-L-Serine and poly-L-Tyrosine, thermal 
stability information was obtained by thermogravimetric analysis (TGA) in air 
and helium and differential scan calorimetry (DSC) in nitrogen. Figures 12 
and 13 show the weight lost with increasing temperature by 100 mg of poly-L- 
Serine heated in air and helium, respectively, from room temperature to 800' C 
at lo0 C per minute. Figures 14 and 15 show results for 100 mg of poly-L- 
Tyrosine heated under the same conditions used for poly-L-Serine. Table I 
presents the percent total weight lost for each polymer in air and helium 
at 100' C temperature intervals. 
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Figure 7 INFRARED SPECTRUM OF POLY-L-SERINE F I L M  ON 
a )  ETCHED 2014-T6 ALUMINUM ALLOY 

b) SILVER CHLORIDE WINDOW 



Figure 8 SINGLE CRYSTAL OF POLY-L-SERINE COATING ON ALUMINUM SURFACE 

Figure 9 ELECTRON DIFFRACTION OF POLY-L-SERINE SINGLE CRYSTAL 

- 1 3 -  



Figure 1 0  ELECTRON MICROGRAPH OF SURFACE OF POLY-L-TYROSINE 

Figure 11 ELECTRON MICROGRAPH OF SURFACE OF POLY-L-SERINE 
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Figure 12 THERMOGRAVIMETRIC ANALYSIS TRACE OF POLY-L-SERINE HEATED IN AIR 
FROM ROOM TEMPERATURE TO 800" C AT 10" C PER MINUTE 
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Figure 13 THERMOGRAVIMETRIC ANALYSIS TRACE OF P3LY-L-SERINE HEATED I N  
HELIUM FROM ROOM TEMPERATURE TO 800" C AT 10" C PER MINUTE 
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Figure 14 THERMOGRAVIMETRIC ANALYSIS TRACE 0 F POLY-L-TYROSIN E HEATED I N  
AIR FROM ROOM TEMPERATURE TO 800" C AT 10' C PER MINUTE 
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Figure 15 THERMOGRAVIMETRIC ANALYSIS TRACE OF POLY-L-TYROSINE HEATED I N  
HELIUM FROM ROOM TEMPERATURE TO 800' C AT 10' C PER MINUTE 



TABLE I 

THERMOGRAVIMETRIC DATA FOR POLY-L-SERI NE AND POLY-L-TYROSINE 
IN AIR AND IN HELIUM; HEAT!NG RATE = lo0 C/MlNUTE 

The TGA r e s u l t s  show t h a t  poly-L-Tyrosine is more s t a b l e  i n  both a i r  and 
helium than  i s  poly-L-Serine which has l o s t  s i g n i f i c a n t  weight ,  11 and 7 per-  
cent  r e s p e c t i v e l y ,  i n  a i r  and helium a t  200° C. Poly-L-Tyrosine l o s e s  3 t o  
3 .5  pe rcen t  i n  t h i s  temperature range. Also, poly-L-Serine begins degrading 
r a p i d l y  a t  200° C whereas poly-L-Tyrosine does no t  begin degradat ion u n t i l  
about 280° C. These d i f f e r e n c e s  i n  degrada t ion  temperatures  a r e  a t t r i b u t a b l e  
t o  bo th  d i f f e r e n c e s  i n  molecular weight (8000 f o r  poly-L-Serine and 100,000 
f o r  poly-L-Tyrosine) and t h e  s t a b l i z i n g  phenyl r i n g  c o n s t i t u e n t  of t h e  poly- 
L-Tyrosine. For both polymers, t he  r ap id  weight l o s s e s  occurr ing below 
400° C a r e  probably caused by s p l i t t i n g  ou t  of carbon d ioxide ,  water  and 
ammonia. When t h i s  occurs ,  f u r t h e r  c ross - l ink ing  takes  p lace  and t h e  new 
polymeric m a t e r i a l  degrades a t  a slower r a t e  a s  hea t i ng  i s  continued. 
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DSC was c a r r i e d  ou t  by hea t ing  5 mg of each polymer i n  n i t r ogen  from room 
temperature t o  540° C a t  a r a t e  of l o 0  C per  minute. The r e s u l t s  could n o t  
be  i n t e r p r e t e d  q u a n t i t a t i v e l y  because i n  each ca se  a complex and e r r a t i c  
recorder  t r a c i n g  was obtained because of t h e  polymer expanding out  of t h e  
sample cup dur ing  hea t i ng .  This e f f e c t  was very  much exaggerated i n  poly- 
L-Serine which intumesced t o  a g r e a t  ex t en t .  However, t he  r e s u l t s  were 
c o n s i s t e n t  w i th  t he  TGA r e s u l t s  and showed t h e  fo l lowing:  

There was no apparent  r e a c t i o n  from room temperature t o  184' C .  A t  
184' C t h e r e  was a s l i g h t  exothermic t rend  and a t  207O C degrada t ion  
proceeded exothermica l ly  throughout t he  du ra t i on  of t he  t e s t .  An exo- 
thermic r e a c t i o n  is cons i s t en t  wi th  the intumescing of t he  poly-L-Serine. 

To t a l  Weight Loss,  percent  
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2.5 
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0 
There  was no apparen t  r e a c t i o n  u n t i l  a  temperature  of 284 C was o b t a i n e d .  
React ions  then  proceeded endothermica l ly  up t o  375O C .  (Between 284' and 
3440 C ,  approximately  33 c a l o r i e s  were consumed p e r  gram of polymer.)  
From 375' t o  540' C ,  t h e  h i g h e s t  t empera ture  of t h e  t e s t ,  no r e a c t i o n  
was observed. 

2 .3  TASK 3 - ADHESIVE APPLICATION AND LAP SHEAR TESTS 

Lap s h e a r  t e s t  specimens were p repared  w i t h  two types  of epoxy adhes ives :  
a )  Epon 828, a  d i g l y c i d y l  e t h e r  of bisphenol-A r e s i n  type ,  cured a t  room tempera- 
t u r e  w i t h  d i e t h y l e n e t r i a m i n e ,  and, b)  E p o x y l i t e  5403, a  f i l l e d ,  modif ied 
bisphenol-A r e s i n  t y p e  cured a t  h i g h  tempera ture  wi th  p y r o m e l l i t i c  d ianhydr ide .  

T e s t  specimens were p repared  from f r e s h l y  e tched  2014-T6 aluminum s t r i p s ,  1 i n c h  
wide, 4  i n c h e s  long ,  and 0.062 i n c h  t h i c k .  Three groups of test specimens, each 
group c o n t a i n i n g  s i x  r e p l i c a t e s ,  were p repared  w i t h  each adhes ive .  One group 
remained unprimed t o  s e r v e  a s  a  c o n t r o l ,  ano ther  group was primed w i t h  poly-L- 
S e r i n e  and t h e  t h i r d  primed w i t h  poly-L-Tyrosine. Primer was a p p l i e d  t o  one end 
of a  s t r i p  over  an  a r e a  of s l i g h t l y  more than  one-half of a  s q u a r e  inch .  Three 
d i f f e r e n t  t h i c k n e s s e s  of pr imer  c o a t  were eva lua ted .  Specimens were s o  p repared  
a s  t o  g i v e  t h i c k n e s s e s  on t h e  o r d e r  of 0 . 5 ,  1 . 0  and 1 . 5  m i l .  A s  a  group of test 
specimens was primed, a  sample coupon was prepared f o r  m e t a l l o g r a p h i c  examinat ion 
t o  de te rmine  a c t u a l  f i l m  t h i c k n e s s e s  which a r e  l i s t e d  i n  Table  11. Adhesive was 
a p p l i e d  over  t h e  primed a r e a  and covered a  t o t a l  a r e a  n o t  g r e a t e r  than  t h r e e  
q u a r t e r s  of a  s q u a r e  inch .  S t r i p s  were then  a l i g n e d  i n  a  bonding f i x t u r e  s o  t h a t  
p repared  ends over lapped one inch .  Bond l i n e  t h i c k n e s s e s  averaged approximately  
5 m i l s .  The specimens bonded w i t h  Epon 828 were s e t  a s i d e  f o r  one week t o  e n s u r e  
f u l l  r e s i n  cure .  The E p o x y l i t e  5403 bonded specimens were cured f o r  16 hours  a t  
210° F. A f t e r  b e i n g  cured,  t h e  specimens were t e s t e d  i n  shear  a t  75' F  accord ing  
t o  t h e  procedure of ASTM D1002-64 us ing  a  l o a d i n g  r a t e  of 600 t o  700 p s i  pe r  
minute  . 

TABLE I I  

PRIMER COAT THICKNESSES, MIL 

Adhesive System Epon 828 Epoxyl i t e  5403 



The l a p  s h e a r  t e s t  r e s u l t s  a r e  p resen ted  i n  Tables  111, I V  and V.  The r e s u l t s  
show t h e  f o l l o w i n g  : 

a .  I n  t h e  E p o x y l i t e  5403 systems,  t h e  c o n t r o l s  f a i l e d  cohes ive ly ,  i . e . ,  
w i t h i n  t h e  5403 adhes ive  and n o t  a t  t h e  adhesive-aluminum s u r f a c e  i n t e r f a c e .  
I n  t h e  Epon 828 systems,  however, t h e  c o n t r o l s  f a i l e d  a d h e s i v e l y ,  i . e . ,  a t  
t h e  adhesive-aluminum oxide  i n t e r f a c e .  The d i f f e r e n c e s  i n  t h e  type  of bond 
f a i l u r e  and t h e  f a i l u r e  l o a d  e x h i b i t e d  by t h e s e  two r e s i n s  a r e  c o n s i s t e n t  
w i t h  a g r e a t e r  bond s t r e n g t h  e x i s t i n g  between E p o x y l i t e  5403 and t h e  aluminum 
s u r f a c e  than  between Epon 828 and t h e  aluminum s u r f a c e .  Epon 828 i s  l e s s  
f l e x i b l e  than  E p o x y l i t e  5403 and a  l a c k  of f l e x i b i l i t y  has  been r e p o r t e d  t o  
d e c r e a s e  t h e  i n t e r a c t i o n  of t h e  r e s i n  w i t h  t h e  m e t a l  s u r f a c e  r e s u l t i n g  i n  l e s s  
adhes ion  (Ref. 5 ) .  

b. I n  b o t h  t h e  Epon 828 and E p o x y l i t e  5403 systems,  t h e  primed coupons 
f a i l e d  a d h e s i v e l y  i n d i c a t i n g  r e l a t i v e l y  weak f o r c e s  b i n d i n g  t h e  poly-(amino 
a c i d s )  t o  t h e  aluminum oxide.  

c.  I n  t h e  E p o x y l i t e  5403 systems,  both poly-(amino a c i d )  pr imers  caused 
d e c r e a s e s  i n  f a i l i n g  l o a d s  (from t h e  c o n t r o l s )  amounting t o  g r e a t e r  than  
1000 p s i .  However, poly-L-Tyrosine gave more c o n s i s t e n t  and h igher  f a i l i n g  
l o a d s  t h a n  d i d  poly-L-Serine. The d e c r e a s e  i n  f a i l u r e  l o a d s  f o r  specimens 
primed w i t h  poly-L-Serine could have been caused i n  p a r t  by some d e t e r i o r a t i o n  
of t h i s  polymer t a k i n g  p l a c e  dur ing  cur ing  of t h e  adhes ive  (16 hours  a t  
2100 F ) .  However, poly-L-Tyrosine was shown t o  b e  s t a b l e  a t  t h i s  temperature  
(100' C)  and f a i l u r e  load  v a l u e s  were n e v e r t h e l e s s  s i m i l a r  f o r  primed s p e c i -  
mens i n  bo th  a d h e s i v e  systems used. There fore ,  t h e  l i m i t i n g  f a c t o r  i s  probab ly  
n o t  t h e  c u r e  t empera ture  b u t  t h e  i n h e r e n t l y  weak alumina-primer bond. 

d. I n  t h e  Epon 828 systems,  poly-L-Serine brought  about  l i t t l e  o r  no improve- 
ment i n  f a i l i n g  l o a d s  and e x h i b i t e d ,  a l s o ,  a  wide v a r i a t i o n  i n  f a i l i n g  l o a d s .  

e .  Poly-L-Tyrosine s i g n i f i c a n t l y  i n c r e a s e d  f a i l i n g  l o a d s  of t h e  Epon 828 
systems when p r e s e n t  i n  f i l m  t h i c k n e s s e s  of 0.12 and 0 . 5  m i l  (Tables  I11 and 
I V )  and decreased  f a i l i n g  l o a d s  when p r e s e n t  a s  a  1 . 7  m i l  coa t ing  (Table V ) .  
Table  VI l i s t s  t h e  d i f f e r e n c e s  between t h e  mean f a i l i n g  l o a d s  of t h e  Epon 828 
c o n t r o l s  and t h e  poly-L-Tyrosine primed specimens f o r  each of t h e  f i l m  
t h i c k n e s s e s  e v a l u a t e d .  F i g u r e  16 is  a  p l o t  of t h i s  d a t a  which appears  t o  
have a  l i n e a r  r e l a t i o n s h i p ,  and i n d i c a t e s  t h a t  a  poly-L-Tyrosine c o a t i n g  of 
less than  about  1 . 3  m i l  w i l l  b r i n g  about  an i n c r e a s e  i n  mean f a i l i n g  load  f o r  
Epon 828 bonded l a p  s h e a r  specimens under t h e  t e s t  c o n d i t i o n s  used. The 
d e c r e a s e  i n  f a i l u r e  load ( l a p  s h e a r  s t r e n g t h )  w i t h  i n c r e a s i n g  th ickness  of 
t h e  poly-L-Tyrosine is  c o n s i s t e n t  w i t h  t h e  r e s u l t s  of o t h e r  i n v e s t i g a t o r s  
(Ref. 6) and could b e  caused by t h e  fo rmat ion  of l a r g e  s t r e s s e s  i n  t h e  
poly-L-Tyrosine l a y e r .  



Figure 16 DIFFERENCE IN MEAN FAILING LOADS BETWEEN EPON 828 CONTROLS 

AND SPECIMENS PRIMED WITH POLY-L-TYROSINE VERSUS POLY-L-TYROSINE 
THICKNESS 



TABLE Ill 

LAPSHEARTESTRESULTS 
(MINIMUM PRIMER THICKNESS) 

a~ = adhesive,  i . e . ,  f a i l u r e  a t  t he  aluminum oxide - primer (or adhesive) i n t e r f ace .  
C = cohesive,  i .e. ,  f a i l u r e  wi th in  the  epoxy adhesive.  

b ~ e s t  was void. 

Primer 

Adhesive 

T r i a l  

Primer Thickness,  m i l  

Fa i l i ng  Load, p s i  

Range 

Mean, x 
Av. Dev. from Mean 

% Av. Dev. from Mean 

Standard Deviation, o 

Type of ~ a i l u r e ~  

Epon 828 

1 

0.12 

880 

1004 

948 

856 

840 

--- 
840-1004 

906 

t 56  

6.2 

69 

A 

Poly-L-Tyrosine 

Epoxylite 5403 Epon 828 

2 

0.12 

912 

1110 

966 

1120 

930 

1290 

912-1290 

1055 

2119 

11 

146 

A 

1 

0.12 

320 

370 

420 

380 

460 

450 

320-460 

400 

t 4 3  

I1 

53 

A 

Epon 828 

1 

0.12 

422 

688 

782 

1000 

586 

806 

422-1000 

706 

2157 

22 

206 

A 

Poly-L-Serine 

Epoxyl i te  5403 

2 

0.12 

1280 

1.290 

725 

785 

790 

1510 

725-1510 

1063 

2297 

28 

336 

A 

1 

--- 
796 

7 14 

594 

656 

748 

626 

594-796 

689 

264 

9.2 

77 

A 

None 

Epoxyl i te  5403 

2 

0.12 

584 

1060 

832 

870 

580 

664 

580-1060 

765 

2156 

20 

190 

A 

1 

0.12 

630 

820 

280 

230 

250 

250 

230-820 

4 10 

$210 

51 

252 

A 

2 

--- 
744 

722 

834 

866 

826 

854 

722-866 

808 

250 

6.2 

60 

A 

1 

--- 
2030 

1680 

1640 

2200 

2000 

2530 

1640-2530 

2013 

t240 

12 

332 

C 

2 

0.12 

225 

264 

504 

232 

340 

296 

225-504 

3 10 

+77 

25 

104 

A 

2 

--- 
2200 

2490 

2050 

2260 

1840 

2160 

1840-2490 

2167 

$150 

6.9 

217 

C 



TABLE IV 

LAP SHEAR TEST RESULTS 
(INTERMEDIATE PRIMER THICKNESS) 

N If"' 

a~ = adhesive - f a i l u r e  a t  t he  aluminum oxide-primer (or adhesive) i n t e r f ace .  
C = cohesive - f a i l u r e  w i th in  t h e  epoxy adhesive.  

Primer 

Adhesive 

T r i a l  

Primer Thickness, m i l  

Fa i l i ng  Load, p s i  

Range 

Mean, 2 

Av. Dev. from Mean 

%Av .Dev . f romMean  

Standard Deviation, o 

Type of Fai lurea  

None 

Epon 828 

1 

--- 
650 

720 

590 

615 

630 

815 

590-815 

670 

t 65  

9.7 

84 

A 

Epoxyl i te  

1 

--- 
1800 

2140 

2090 

2000 

1900 

2000 

1800-2140 

1988 

t 92  

4.6 

124 

C 

Epon 828 

2 

--- 
1120 

800 

680 

670 

950 

830 

670-1120 

842 

t129 

15 

171 

A 

5403 

2 

--- 
1970 

2030 

1940 

1970 

2130 

1790 

1790-2130 

1972 

272 

3.7 

112 

C 

1 

0.5 

1120 

640 

890 

430 

875 

700 

430-1120 

776 

t186 

24 

239 

A 

Poly-L-Serine 

Epoxyl i te  5403 Epon 

1 

0.5 

840 

1230 

900 

800 

930 

920 

800-1230 

937 

t 98  

10 

152 

A 

2 

0.5 

630 

920 

730 

1070 

7 80 

800 

630-1070 

822 

t116 

14 

154 

A 

1 

1.0 

430 

820 

1680 

230 

300 

230 

230-1680 

615 

2392 

64 

559 

A 

828 

2 

0.5 

940 

970 

1160 

830 

740 

1030 

740-1030 

945 

t108 

12 

148 

A 

Poly-L-Tyrosine 

2 

1.0 

700 

500 

490 

320 

800 

520 

320-800 

555 

2130 

23 

170 

A 

Epoxylite 

1 

1.0 

580 

580 

830 

980 

780 

780 

580-980 

755 

2117 

15 

49 

A 

5403 

2 

1 .0  

1030 

830 

750 

850 

:LO20 

830 

750-1030 

885 

+93 

11 

114 

A 



TABLE V 

LAP SHEAR TEST RESULTS 
(MAXIMUM PRIMER THICKNESS) 

a~ = adhesive,  i . e . ,  f a i l u r e  a t  t he  aluminum oxide-primer (or adhesive) i n t e r f ace .  
C = cohesive,  i . e . ,  f a i l u r e  w i th in  t he  epoxy adhesive.  

Primer 

Adhesive 

T r i a l  

primer Thickness,  m i l  

Fa i l i ng  Load, p s i  

Range 

Mean, x 
Av. Dev. from Mean 

% Av. Dev. from Mean 

Standard  deviation,^ 

Type of ?Failurea 

Epon 828 

1 

--- 
870 

1230 

920 

1230 

1330 

710 

710-1330 

1048 

2215 

21 

248 

A 

None 

Epoxyl i te  5403 

2 

--- 
940 

8 10 

1080 

1430 

1060 

1060 

810-1430 

1063 

2128 

12 

207 

A 

1 

--- 
2140 

2230 

2280 

2100 

1930 

1760 

1760-2280 

2073 

2152 

7.3 

196 

C 

Epon 828 

2 

--- 
2270 

2150 

2300 

2270 

2180 

1690 

1690-2270 

2143 

t 151  

7.1 

230 

C 

1 

1.7 

510 

1170 

7 80 

670 

1170 

870 

510-1170 

862 

2210 

24 

270 

A 

Poly-L-Serine 

Epoxyl i te  5403 Epon 828 

2 

1.7 

930 

880 

880 

820 

970 

600 

600-970 

847 

$9 1 

11 

131  

A 

1 

1.7 

1430 

1400 

820 

430 

600 

1370 

430-1430 

1008 

t392 

39 

447 

A 

1 

1.7 

810 

970 

1030 

880 

1060 

1110 

810-1110 

977 

290 

9.2 

114 

A 

Poly-L-Tyrosine 

Epoxyl i te  5403 

2 

1.7 

1180 

1080 

580 

1570 

1430 

1530 

580-1570 

1228 

2282 

23 

372 

A 

2 

1.7 

960 

840 

900 

980 

1220 

860 

840-1220 

960 

293 

9.7 

139 

A 

1 

1.7 

800 

970 

860 

700 

1020 

820 

700-1020 

862 

t 89 

10 

117 

A 

2 

1.7 

1480 

1070 

1080 

1120 

1180 

1250 

1070-1480 

1197 

+I12 

9.4 

154 

A 



TABLE V i  

THE MEAN FAILING LOAD DIFFERENCES 
BETWEEN EPON 828 CONTROL AND 

POLY-L-TYROSINE PRIMED COUPONS 

Mean Lap Shear F a i l i n g  
Poly-L-Tyrosine Load D i f f e r e n c e s  

Fi lm Thickness ,  m i l s  
T r i a l  1 T r i a l  2 

f .  I n  b o t h  a d h e s i v e  systems,  poly-L-Tyrosine appears  t o  bond c o n s i s t e n t l y  
b e t t e r  w i t h  t h e  aluminum o x i d e  s u r f a c e  than  does  poly-L-Serine, a l though  i n  
bo th  c a s e s  t h e s e  bonds a r e  weak when compared t o  t h o s e  formed by E p o x y l i t e  5403. 
One p o s s i b l e  c o n t r i b u t i o n  t o  t h e  weakness of t h e  bond s t r e n g t h  of t h e  poly- 
(amino a c i d s )  t o  alumina a r i s e s  from t h e i r  d e p o s i t i o n  from d i l u t e  s o l u t i o n .  
Such d e p o s i t i o n  has  been s a i d  t o  permi t  only a f r a c t i o n  of t h e  a c t i v e  groups 
of t h e  polymer c h a i n  t o  become anchored t o  t h e  oxygenated meta l  s u b s t r a t e  
(Ref. 5).  

The b e t t e r  performance of poly-L-Tyrosine may r e s u l t  from t h e  p resence  of t h e  
hydroxyphenyl group which prov ides  a g r e a t e r  a r e a  of p o l a r i t y  than  does t h e  
methyl01 group of t h e  poly-L-Serine and would tend t o  bond more s t r o n g l y  t o  t h e  
aluminum s u r f a c e .  Also,  t h e  i n s o l u b i l i t y  i n  wate r  of t h e  poly-L-Tyrosine t ends  t o  
d e c r e a s e  t h e  e x t e n t  of m o i s t u r e  s o l v a t i o n  and hence of bond degrada t ion .  F i n a l l y ,  
t h e  p o s s i b i l i t y  of p l a s t i c i z a t i o n  of t h e  normally b r i t t l e  Epon 828 adhes ive  
enab l ing  i t  t o  wi ths tand  somewhat h i g h e r  s h e a r  f o r c e s  can n o t  be  excluded. 



3.0 CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  can be made from t h e  r e s u l t s  o b t a i n e d  i n  t h i s  program. 

a .  Depos i t ion  from s o l u t i o n  of poly-L-Serine o r  poly-L-Tyrosine i s  a s u i t a b l e  
method f o r  p r e p a r i n g  pr imer  c o a t s  on a p repared  meta l  s u r f a c e .  

b .  I n  s i t u  po lymer iza t ion  on t h e  aluminum o x i d e  s u r f a c e s  of t h e  N-Carboxyan- 
h y d r i d e s  of L-Serine o r  L-Tyrosine from s o l u t i o n  does no t  appear  f e a s i b l e  
because c r o s s - l i n k i n g  o c c u r s  and t e m p l a t e  conformance t o  t h e  s u r f a c e  cannot  
b e  achieved.  

c .  When used a s  pr imer  c o a t s  f o r  a h igh  tempera ture  anhydride cured r e s i n  
system such  a s  E p o x y l i t e  5403, bo th  poly-L-Serine and poly-L-Tyrosine 
d e c r e a s e  t h e  l a p  s h e a r  s t r e n g t h  of t h e  adhes ive .  

d. Under t h e  l a p  s h e a r  test c o n d i t i o n s  used i n  t h i s  program, poly-L-Tyrosine 
used a s  a pr imer  c o a t  i n  t h i c k n e s s e s  of up t o  about  1 . 3  m i l  w i l l  i n c r e a s e  
f a i l u r e  l o a d s  (compared w i t h  a c o n t r o l  l a c k i n g  a p r imer )  f o r  specimens 
bonded w i t h  Epon 828 adhes ive  cured a t  room tempera ture  w i t h  d i e t h y l e n e t r i a m i n e .  
Conversely ,  t h e  u s e  of poly-L-Serine a s  a primer c o a t  does n o t  i n c r e a s e  t h e  
f a i l u r e  load .  

e .  The g r e a t e r  l a p  s h e a r  s t r e n g t h  produced by poly-L-Tyrosine a s  a pr imer  
f o r  t h e  Epon 828 adhes ive  system may be a s c r i b e d  t o  a s t r o n g e r  bonding of t h e  
poly-amino a c i d  t o  t h e  aluminum o x i d e  s u r f a c e  than  i s  formed by t h e  r e s i n  a lone .  
However, t h e  p o s s i b i l i t y  cannot be excluded t h a t  t h e  poly-L-Tyrosine has  a 
p l a s t i c i z i n g  e f f e c t  on t h e  normally b r i t t l e  Epon 828 enab l ing  i t  t o  wi ths tand  
h igher  s h e a r  l o a d s .  



4.0 RECOMMENDATIONS 

Improved p r o t e i n - l i k e  polymers f o r  use  a s  primer coa t i ngs  i n  bonding oxygenated 
metal  s u r f a c e s  should comprise amino ac id  r e s idues  s e l e c t e d  t o  impart t h e  fol lowing 
p r o p e r t i e s  t o  t h e  macromolecule: conformance t o  t h e  metal  oxide su r f ace ,  r e a c t i v e  
(po l a r )  groups,  f l e x i b i l i t y ,  i n s o l u b i l i t y  i n  water ,  a c id s  and bases ,  a b i l i t y  
t o  form s t r o n g  bonds w i th  t h e  adhesive t o  be used, and cohesive s t r e n g t h  through 
a h igh  molecular weight.  It i s  envis ioned  t h a t  such macromolecules could be 
made by f i r s t  l i n k i n g  perhaps 10  o r  more amino a c i d s  s e l e c t e d  t o  impart  t h e  
de s i r ed  p r o p e r t i e s .  The carboxy end group of t h e  r e s u l t i n g  low molecular weight 
amino ac id  oligomer would then  be converted t o  a r e a c t i v e  polymerizable  group, 
such a s  a g lyc idy l  e s t e r  which can be polymerized t oge the r  w i th  a bis-phenol A 
type  of r e s i n .  This  r e s u l t i n g  polymer would be of high molecular weight and c o n t a i n  
poly-(amino a c i d )  s i d e  groups designed t o  conform a s  much a s  pos s ib l e  t o  t h e  
metal  s u b s t r a t e .  The s y n t h e s i s  of t h e  amino ac id s  (oligomers) could be c a r r i e d  
ou t  by t h e  s o l i d  phase method discovered by Mer r i f i e ld  (Ref. 7 ) .  

Conformance of t h e  poly-(amino a c i d s )  t o  t h e  metal  s u b s t r a t e  could be eva lua ted  by 
i n f r a r e d  a n a l y s i s  whi le  t h e  eva lua t i on  of t h e  bond s t r e n g t h s  could be done by l a p  
shear  t e s t i n g .  
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APPENDIX A 

IN-SITU POLYMERIZATION PROCEDURES 

The in situ polymerization work consisted of two parts. The first was the 
deposition of the tertiary amine polymerization initiating agent on the prepared 
metal surface. The second was the attempted synthesis of the poly-L-Serine 
N-Carboxyanhydride (L-Serine NCA). 

a. Amine Deposition 

Two types of aluminum specimens were used; one type had a gibbsite surface 
coating, and the other had been treated with a multivalent ion rinse. A 0 . 1 M  
solution of purified tripropylamine in cyclohexane was prepared. The two 
specimens were immersed in the solution and the solvent was removed by air 
drying. These specimens were examined by an infrared method and by electron 
microscopy. The infrared method consisted of heating the specimens in vacuo 
in a gas sampling cell and obtaining the infrared spectrum of the amine 
vapors. Electron micrographs (Figures A-1 and A-2) showed, also, that the 
surfaces had been coated with amine. Figure A-1 shows the surface of the 
multivalent ion rinsed aluminum before and after amine deposition, Figure A-2 
shows the gibbsite coated aluminum sample which appears to have absorbed 
more amine than the non-hydrated surface. 

b. Poly-L-Serine Precursor Synthesis 

Prior to beginning the preparation of the poly-L-Serine precursor, 
L-Serine-N-carboxyanhydride, Dr. E. Blout, Harvard Medical School, was 
consulted by telephone and he verified that poly-L-Serine can be obtained 
from the polymerization of L-Serine NCA in which the hydroxyl group was not 
blocked. Professor Blout had indicated in Ref. 4 that such polymerization 
was possible and would be reported subsequently, but had made no further 
publication of his later work. 

Work was begun on the preparation of L-Serine-N-Carboxyanhydride (NCA) using the 
procedure outlined by Fasman and Blout (Ref. 4) in which the amino acid, suspended 
in dry ethyl acetate, is converted to the NCA by reaction with phosgene. 

Four attempts to make the NCA were carried out. The first indicated that 
modifications to the apparatus were necessary in order to lessen the possibility 
of moisture introduction during vacuum distillation and solvent addition steps. 
The second preparation was carried out in the modified apparatus. The reaction 
proceeded smoothly during phosgene addition. After excess solvent had been 
removed by vacuum distillation, however, a white precipitate was obtained rather 
than the expected oil. Nevertheless, the experiment was carried to completion 
because of the possibility that the white precipitate was crystalized NCA. The 
eventual failure of this material to re-dissolve in additional solvent made it 
evident that the precipitated material was not the NCA. 

To determine the identity of the product, its infrared spectrum was obtained. 
For comparison, an infrared spectrum of the starting amino acid, L-Serine was 
obtained. The spectra of both product and L-Serine are presented in Figures A-3 



Figure A - l  ELECTRON MICROGRAPHS OF ALUMINUM SURFACES 
a) Non-hydrated Amorphous Al2O3,  
b)  Same Surface after Amine Treatment 



Figure A -2  ELECTRON MICROGRAPHS OF ALUMINUM SURFACES 
a) Gibbsite (A1203  . 3H20) ,  
b) Same Surface after Amine Coating 
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Figure A-3 INFRARED SPECTRUM OF SYNTHETIC PRODUCT OF L-SERINE AND PHOSGENE 



and A-4, r e s p e c t i v e l y .  Comparison of t h e  product  spectrum w i t h  o t h e r  r e f e r e n c e  
s p e c t r a  and ii le in format ion  01 Fasman and Blout (Ref.  4)  show t h a t  t h e  spectrum 
i s  t h a t  of polymerized L-Serine contaminated w i t h  e t h y l  a c e t a t e .  

The fo rmat ion  of poly-L-Serine was c o n s i s t e n t  w i t h  t h e  premature  po lymer iza t ion  
of L-Serine NCA d u r i n g  t h e  removal of excess  s o l v e n t  by vacuum d i s t i l l a t i o n .  
This  was c o n s i s t e n t  w i t h  contaminat ion of t h e  r e a c t i o n  mix ture  wi th  wate r  vapor .  
For t h i s  reapon,  s t e p s  were t aken  t o  exc lude ,  r i g o r o u s l y ,  t h e  p o s s i b i l i t y  of 
mois tu re  con tamina t ion  dur ing  t h e  t h i r d  p r e p a r a t i o n .  Again, t h e  expected p roduc t  
was n o t  o b t a i n e d .  However, m o i s t u r e  was n o t  a  f a c t o r .  

Apparent ly ,  t h e  NCA had r e a c t e d  whi le  t h e  s o l v e n t  was be ing  purged of phosgene 
by o v e r n i g h t  r e f l u x i n g .  It was decided t o  c a r r y  o u t  a n o t h e r  r e a c t i o n  under  
e x a c t l y  t h e  same c o n d i t i o n s  except  t h a t  t h e  r e a c t i o n  f l a s k  would b e  a l lowed t o  
coo l  t o  room tempera ture  a f t e r  completion of phosgene a d d i t i o n  (about 3 h o u r s ) .  
The system was purged o v e r n i g h t  wi th  d r y  n i t r o g e n  t o  remove excess  phosgene. 
A whi te  i n s o l u b l e  s o l i d  i n  t h e  f l a s k  i n d i c a t e d  t h a t  r e a c t i o n  had occurred t o  
a  much lesser e x t e n t  t h a n  a n t i c i p a t e d .  I n f r a r e d  spec t roscopy  showed t h a t  t h e  
s o l i d  was f o r  t h e  most p a r t  t h e  s t a r t i n g  amino a c i d ,  L-Serine. It was concluded 
from t h e s e  t r i a l s  t h a t  a  good y i e l d  of L-Serine NCA could b e  expected only under 
r i g i d l y  c o n t r o l l e d  r e a c t i o n  c o n d i t i o n s .  To determine t h e  e x a c t  procedure 
necessa ry  f o r  t h e  p r e p a r a t i o n ,  $I .  Hyman, P r e s i d e n t  of t h e  P i l o t  Chemical Company 
of Waltham, Mass. was c a l l e d .  H i s  company s p e c i a l i z e s  i n  t h e  manufacture of 
NCA and polyamino a c i d s .  M r .  Hyman's chemists  were n o t  acqua in ted  w i t h  t h i s  
p a r t i c u l a r  p r e p a r a t i o n  because t h e  u s u a l  r o u t e  t o  poly-L-Serine i s  through t h e  
0-acetyl-L-Serine NCA i n  which t h e  hydroxyl group i s  blocked.  It was l e a r n e d  
from M r .  Hyman, however, t h a t  D r .  Fasman, who wi th  D r .  B lou t ,  pub l i shed  t h e  
s y n t h e s i s  o f  L-Serine NCA (Ref. 4 ) ,  i s  p r e s e n t l y  a t  Brandeis  U n i v e r s i t y .  
D r .  Fasman was c o n s u l t e d  concerning o u r  d i f f i c u l t i e s  and concurred wi th  o u r  
conc lus ions  t h a t  a  good y i e l d  of L-Serine NCA would probably r e s u l t  i f  r e f l u x  
were con t inued  a f t e r  phosgene a d d i t i o n  on ly  u n t i l  most of t h e  suspended L-Serine 
had d i s s o l v e d .  However, i t  was a l s o  l e a r n e d  from D r .  Fasman, coauthor  of t h e  
c i t e d  J.  Am. Chem. Soc. paper ,  t h a t  poly-L-Serine cannot  b e  ob ta ined  by polymerizing 
L-Serine NCA. Ra ther ,  an  i n t r a c t a b l e ,  branched polymer having few o r  no hydroxyl  
groups a v a i l a b l e  f o r  subsequent  r e a c t i o n  i s  o b t a i n e d .  It was f o r  t h i s  reason  
t h a t  a  p u b l i c a t i o n ,  mentioned i n  Reference 4 a s  be ing  for thcoming and concerning 
t h e  p r e p a r a t i o n  of poly-L-Serine d i r e c t l y  from L-Serine-NCA was n o t  i s s u e d .  
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APPENDIX B 

POLY-L-TYROSINE SOLUBILITY INVESTIGATION 

It  had been l e a r n e d  from D r .  Ryan, P i l o t  Chemicals Corp. ,  Waltham, Mass. ,  ( a  
m a n u f a c t u r e r  of poly-L-Tyrosine) t h a t  a  b a s i c  s o l u t i o n ,  pH 10-11, i s  n e c e s s a r y  
t o  d i s s o l v e  t h e  polymer.  S o l u t i o n ,  h e  a d v i s e d ,  i s  a t t a i n e d  o n l y  w i t h  d i f f i c u l t y .  
H e  recommended e f f e c t i n g  s o l u t i o n  by suspend ing  t h e  polymer i n  w a t e r  and add ing  
a l k a l i  s o l u t i o n  s l o w l y  w i t h  s t i r r i n g .  For t h i s  a p p l i c a t i o n ,  t h e  p r e s e n c e  of 
a l k a l i  m e t a l  s a l t s  were  c o n s i d e r e d  u n d e s i r a b l e  because  they  57ould b e  d e p o s i t e d  
upon e v a p o r a t i o n  and i n t e r f e r e  w i t h  t h e  bond t o  be  formed s u b s e q u e n t l y  w i t h  t h e  
polymer.  T h e r e f o r e ,  it was d e c i d e d  t o  s u b s t i t u t e  aqueous ammonia f o r  s o l u t i o n  
because  no r e s i d u e  would remain upon s o l v e n t  e v a p o r a t i o n .  It was found t h a t  
abou t  50 p e r c e n t  o f  t h e  polymer would d i s s o l v e  r e a d i l y .  The u n d i s s o l v e d  p o r t i o n  
w a s  f i l t e r e d  and t h e  s o l u t i o n  e v a p o r a t e d  o n t o  an  aluminum coupon by i n f r a r e d  lamps. 
Some poly-L-Tyrosine was d e p o s i t e d ,  b u t  t h e r e  was a t t a c k  of t h e  aluminum s u r f a c e  
by t h e  ammonia s o l u t i o n .  I n  an  a t t e m p t  t o  avo id  t h i s  a t t a c k ,  t h e  s o l u t i o n  was 
h e a t e d  t o  d r i v e  o f f  e x c e s s  ammonia b e f o r e  a n o t h e r  d e p o s i t i o n  was a t t e m p t e d .  
N e v e r t h e l e s s ,  some a t t a c k  was s t i l l  e v i d e n t .  T h e r e f o r e ,  i t  was dec ided  t o  i n v e s t i -  
g a t e  t h e  s o l u b i l i t y  of t h e  polymer i n  o r g a n i c  s o l v e n t s .  

Methyl a l c o h o l  and p y r i d i n e  were t r i e d  f i r s t .  L i t t l e  o r  no s o l u b i l i t y  was observed 
and t h e s e  s o l v e n t s  were  n o t  c o n s i d e r e d  f u r t h e r .  Dimethylformamide (DMF) was t r i e d  
n e x t .  T h i s  i s  a  p o l a r  l i q u i d  known t o  b e  a n  e x c e l l e n t  s o l v e n t  f o r  many polymers 
and a d d i t i o n a l l y  i t  does  n o t  a t t a c k  aluminum. The poly-L-Tyrosine s w e l l e d  a lmost  
immediate ly  and soon ,  o n l y  a  v e r y  s m a l l  p o r t i o n  remained u n d i s s o l v e d .  T h i s  
p o r t i o n  was brought  i n t o  s o l u t i o n  by h e a t i n g .  It was l e a r n e d  l a t e r  t h a t  DMF had 
been used s u c c e s s f u l l y  a s  a  s o l v e n t  f o r  c a s t i n g  f i l m s  f o r  i n f r a r e d  s t u d i e s  
(Ref.  8 ) .  
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